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FibronectinPrenatal inﬂammation prevents normal lung morphogenesis and leads to bronchopulmonary dysplasia
(BPD), a common complication of preterm birth. We previously demonstrated in a bacterial endotoxin
mouse model of BPD that disrupting ﬁbronectin localization in the fetal lung mesenchyme causes arrested
saccular airway branching. In this study we show that expression of the ﬁbronectin receptor, integrin α8β1
is decreased in the lung mesenchyme in the same inﬂammation model suggesting it is required for normal
lung development. We veriﬁed a role for integrin α8β1 in lung development using integrin α8-null mice,
which develop fusion of the medial and caudal lobes as well as abnormalities in airway division. We further
show in vivo and in vitro that α8-null fetal lung mesenchymal cells fail to form stable adhesions and have
increased migration. Thus we propose that integrin α8β1 plays a critical role in lung morphogenesis by
regulating mesenchymal cell adhesion and migration. Furthermore, our data suggest that disruption of the
interactions between extracellular matrix and integrin α8β1 may contribute to the pathogenesis of BPD.
© 2009 Elsevier Inc. All rights reserved.Introduction
The lung develops through multiple generations of airway
branching and expansion (Maeda et al., 2007; Metzger et al., 2008;
Roth-Kleiner and Post, 2005; Warburton et al., 2000). Epithelial–
mesenchymal interactions guide each phase of lung development,
with endoderm-derived epithelial tubes invading adjacent mesen-
chyme. During the initial steps in lung formation, the primitive
trachea arises from the ventral surface of the foregut and branches to
produce the conducting bronchial airways. In the later canalicular and
saccular stages, peripheral airways branch and divide into numerous
terminal saccules and alveolar duct networks. Lastly, the most distal
airspaces repeatedly divide into smaller alveoli, increasing epithelial
surface area available for gas exchange.
Integrin-mediated cell–matrix interactions play a key role in lung
development. The bronchi of mice lacking the integrin α3 subunit fail
to branch into smaller bronchioles and are lined with undifferentiated
cuboidal epithelia (Kreidberg et al., 1996). Mice lacking both integrin
subunits α3 and α6 have marked lung hypoplasia, with single rightvision of Neonatology Vander-
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ll rights reserved.and left lobes (De Arcangelis et al., 1999). Among the integrin ligands,
ﬁbronectin is one of themost important during lung development (De
Langhe et al., 2005; Roman, 1997). In cultured lung explants,
neutralizing antibodies against integrin α5β1 inhibited branching
morphogenesis, presumably by blocking integrin-ﬁbronectin interac-
tions in the mesenchymal clefts between adjacent airways (Sakai et
al., 2003).
Defective cell–matrix interactions may contribute to abnormal
lung development in patients with bronchopulmonary dysplasia
(BPD), a complication of preterm birth occurring in over 20% of
infants bornweighing less than 1500 g (Fanaroff et al., 2007). Arrested
saccular stage lung development in BPD leads to dilated saccular
airways and reduced alveolar number. The subsequent reduction in
lung volumes and surface area available for gas exchange causes
hypoxemia and chronic CO2 retention. Clinical data suggest that early
exposure to inﬂammation or infection increases the risk of developing
BPD. In experimental models, bacterial endotoxin arrests lung
development (Kramer et al., 2008; Moss et al., 2002; Prince et al.,
2005), possibly through disrupting normal cell–matrix interactions.
Using a mouse model of BPD, we previously demonstrated that
Toll-like receptor agonists and NF-κB activation inhibit saccular
airway branching. In fetal mouse lung explants, Escherichia coli LPS
caused mislocalization of ﬁbronectin from the clefts between
developing saccular airways to the lung mesenchyme periphery but
408 J.T. Benjamin et al. / Developmental Biology 335 (2009) 407–417did not change ﬁbronectin biosynthesis or processing (Prince et al.,
2005). Based on these observations, in this study we explored what
happens to ﬁbronectin receptors in the same model and show
decreased expression of integrin α8β1 in the clefts of lung
mesenchyme between developing saccular airways. We further
show that lung morphogenesis in fetal α8-null mice is abnormal,
with defects in lung lobe formation and defective saccular airway
branching and division. Thus integrin α8β1 is a critical component of
the fetal lung mesenchyme that regulates lung morphogenesis and
reduced integrin α8β1 expression may contribute to the abnormal
lung development seen in patients with BPD.
Methods
Reagents and animals
Phalloidin, SYTO13, DAPI, and Alexa-conjugated secondary anti-
bodies were purchased from Invitrogen. Phenol-extracted, gel
puriﬁed E. coli LPS (O55:B5) and Cy3-labeled mouse monoclonal
anti α-SMA antibody were from Sigma-Aldrich. Goat anti-α8 integrin
antibody was purchased from R&D. Rabbit anti-talin antibody was
purchased from Santa Cruz. Rabbit anti-ﬁbronectin was from Abcam.
Rabbit anti-α8 was described previously (Schnapp et al., 1995a). The
rabbit anti-NG2 and anti-PDGFRβ antibodies were a generous gift
from William Stallcup. The anti-Wt-1 antibody was generously
supplied by David Bader.
Mice heterozygous for the integrinα8 subunit (Muller et al., 1997)
were obtained from the Mutant Mouse Regional Resource Center
repository at the University of California at Davis. Animals were
genotyped as previously described (Muller et al., 1997). All experi-
mental protocols were approved by the Institutional Animal Care and
Use Committees at the University of Alabama at Birmingham and
Vanderbilt University.
Saccular explant culture
Our procedure for culturing saccular stage fetal lung explants has
been described. (Benjamin et al., 2007; Dieperink et al., 2006; Prince
et al., 2005). Brieﬂy, E16 female mice are euthanized and the fetal
mouse lungs are isolated and dissected free of surrounding structures.
The lung tissue is minced into 0.5–1 mm3 cubes and cultured on an
air–liquid interface using permeable supports (Costar Transwell) and
serum-free DMEM. Explants were cultured at 37 °C in 95% air/5% CO2
for up to 72 h. LPS was included in culture media at a concentration of
250 ng/ml.
For intact lobe culture, we isolated the accessory and cranial lobes
from E15 wild-type and α8-null littermates. The two lobes were
placed on permeable supports so that the lobes remained in contact
with each other for 48 h in culture. The lobes were then ﬁxed in 4%
formaldehyde and stained with both Alexa-594 phalloidin and DAPI.
Real-time PCR
Total RNA was isolated from fetal lung explants and cultured
mesenchyme using Trizol reagent and standard protocols (Benjamin
et al., 2007). First strand cDNA was synthesized using oligo-dT
primers and MMLV reverse transcriptase (Superscript II, Invitrogen).
PCR primers designed using Beacon Designer software (BioRad) were
validated by performing electrophoresis and melting temperature
analysis of the PCR product. Standard concentration curves were done
for each primer pair used. Two-step real-time PCR was performed
with a BioRad MyiQ thermocycler and SYBR green detection system
(BioRad). We normalized gene expression to GAPDH in each sample.
The 2-ΔΔCT method was used to compare gene expression levels
between samples (Arocho et al., 2006). Data between groups were
compared by ANOVA to test for signiﬁcant differences.Histology, immunostaining, microscopy, and image analysis
Embryonal and newborn lungs were ﬁxed by immersion in 4%
paraformaldehyde followed by 70% ethanol. Individual lungs were
kept separate throughout processing and later matched to genotype.
Fixed lungs were embedded in parafﬁn and sectioned for staining. For
lung morphometry measurements, images of hematoxylin and eosin
stained lung sections were obtained using a brightﬁeld microscope.
Analysis was performed using the Image Processing Tool Kit
(Reindeer Graphics) within Adobe Photoshop and standard measure-
ments (Weibel et al., 1966). Formeasurement of distal airway volume,
at least three separate images from the lungs of 14–16 animals per
genotype were analyzed. Three separate litters were used, with each
litter containing both wild-type and α8-null animals. Genotype
remained unknown during analysis. For mean linear intercept and
septal height measurement, 24–32 images were processed for each of
10 different animals per genotype. This allowed measurement of a
total of 1300 (α8-null) and 1604 (wild-type) septa. Data were
compared by two-way t-test.
Elastin-containing elastic ﬁbers were visualized using a Modiﬁed
Hart's stain including overnight incubation with resorcin–fuchsin and
counterstaining with tartrazine in picric acid (Le Cras et al., 2004). For
immunostaining, parafﬁn sections were rehydrated and processed
using standard techniques. Antibody staining was detected using
Vector Elite ABC kits speciﬁc for each primary antibody species. 3,3′-
Diaminobenzidine stained sections were brieﬂy counterstained with
hematoxylin. Immunoﬂuorescence labeling in explants was per-
formed by ﬁxing tissues in 4% formaldehyde, permeabilizing with
0.1% Triton X-100, blocking in 5% donkey serum, and overnight
incubation with primary antibodies. Following secondary antibody
addition and DAPI staining, explants were mounted using spacers and
imaged using either an inverted Olympus BX-81 microscope with a
Hamamatsu Orca ER CCD camera or an Olympus FV1000 laser
scanning confocal microscope. Multicolor images were generated
using Slidebook. Cultured mesenchymal cells were immunolabeled
using standard techniques and imaged using either an inverted
ﬂuorescence microscope or a Leica DMIRB laser scanning confocal
microscope.
Alpha8 cloning and expression
Full-length cDNA encoding the murine integrin α8 subunit was
cloned from E16 BALB/cJ fetal mouse lung RNA. Using an oligodT
primer, cDNA was synthesized with MMLV reverse transcriptase.
Following RNA degradation, integrin α8 subunit sequence was
ampliﬁed using gene-speciﬁc ﬂanking primers and high ﬁdelity Taq
polymerase (Platinum Taq, Invitrogen). The 5′ primer contained the
inserted Kozak sequence GCCACC prior to the start ATG codon. The
PCR product was digested with BamHI and EcoRV and subcloned into
the pCDF expression vector (System Biosciences), which expresses
copGFP from a separate downstream expression cassette. After
sequence veriﬁcation, cDNA was transfected into primary fetal lung
mesenchymal cells using Lipofectamine Plus reagent. GFP expression
in transfected cells was visible between 24 and 48 h following
transfection.
Live-cell and time lapse microscopy
A live-cell imaging system based on a Zeiss Axiovert microscope
was used for time-lapse imaging of cells and explants. Temperature,
humidity, and 5% CO2 atmosphere were all accurately maintained in
an enclosed stage incubator. An automated xy stage allowed imaging
of multiple ﬁelds, and phototoxicity was prevented using a automated
shutter. Images were acquired using an EM-CCD camera (DV885) and
iQ software (both from Andor). Multi-TIFF ﬁle movies were converted
to .avi and Quick-Time format using iQ and iMovie (Apple),
respectively. For cell tracking experiments, time-lapse move ﬁles of
Fig. 1. LPS inhibits integrin α8β1 expression in fetal mouse lung. (A) E. coli LPS (250 ng/ml for 72 h) inhibited integrin α8 subunit expression in E16 saccular stage mouse lung
explants. Integrin expression was measured by real-time PCR, and fold change was calculated using the 2-ΔΔCT method. For each gene, data are represented as the percentage of
control values obtained from untreated samples (⁎Pb0.05, n=5–9; each sample measured in triplicate). (B) Effect of LPS on integrin α8 subunit expression was concentration
dependent. E16 explants were treated with 1, 50, or 250 ng/ml LPS for 72 h. Gene expression measured by Real-Time PCR (⁎Pb0.05, n=4). (C) LPS inhibited integrin α8 subunit
expression in primary fetal lung mesenchymal cells in a concentration dependent manner (⁎Pb0.05, n=3). (D–K) LPS reduced integrin α8 subunit expression by
immunomicroscopy. Control (D, E, H, J) and LPS-treated (F, G, I, K) explants were cultured for 24 h (D, F) and 48 h (E, G–K), ﬁxed, and labeled with antibodies against integrinα8 and
the mesenchymal cell markers NG2 (D–G), α-SMA (H, I), or PDGFRβ (J, K). Nuclei were labeled with DAPI (blue). (L, M) LPS inhibits integrin α8 expression in vivo. Mice were
injected with sterile, endotoxin-free saline (control) or LPS on E15. Lungs were isolated on E17 (48 h following injection), ﬁxed, sectioned, and immunostained for integrinα8. (N–S)
LPS inhibited integrin α8 subunit expression in cultured fetal lung mesenchymal cells. (N, O) Immunostaining of control and LPS-treated fetal mouse lung mesenchymal cells for
integrin α8 subunit expression (red) shows widespread decrease in α8β1 expression. Nuclei stained with SYTO13 (green). Inset in (O) shows background ﬂuorescence when
primary antibody omitted. (P–S) Integrin α8β1 colocalizes with ﬁbronectin in fetal lung mesenchymal cells. Control (P, R) and LPS-treated (Q, S) mesenchymal cells were
immunostained with antibodies against ﬁbronectin (green) and integrin α8 (red). Higher magniﬁcation of areas indicated in (P, Q) are shown in (R, S). Arrows indicate ﬁbronectin
staining. (T, U) Integrin α8β1 and ﬁbronectin colocalization in the clefts between branching airways. Control (T) and LPS-treated (U) fetal lung explants were immunolabeled with
antibodies against the integrin α8 subunit (red) and ﬁbronectin (green). Arrows indicate ﬁbronectin staining.
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Tracking Protocol within Slidebook (Intelligent Imaging Innovations).
Labeled cells were identiﬁed by size and ﬂuorescence intensity. Cells
were excluded if they were not detected in the focal plane for at least
three continuous time points. Data on cell position, velocity, and
displacement were exported to Excel for analysis. Kymographs were
generated by projecting the image intensity along a single line
crossing a cell on the y-axis and changes in image intensity over time
on the x-axis. For time lapse imaging of airway branching in lung
explants, E16 explants were allowed to recover for 12 h after isolation.
Individual explants were then imaged by brightﬁeldmicroscopy using
a 5×objective, capturing images every 15 min for 36 h.
Cell migration
Modiﬁed Boyden chambers were prepared from 10-mm tissue
culture inserts (Nunc) with 8 μmpore size polycarbonate membranes.
The membranes were ﬁrst permeated with 10 μg/ml ﬁbronectin or 10
μg/ml type I collagen (Calbiochem) for 1 h at 37 °C. The ﬁlters were
then washed, and 25,000 cells were added to the apical side of each
ﬁlter. DMEM with 10% fetal calf serum was included in both sides of
the chamber. Following 16 h of culture, cells that had migratedFig. 2. Abnormal lung lobe formation in integrin α8-null mice. (A–D) Immunostaining of new
B) or integrin β1 (C, D). Scale bar, 100 μm. (E, F)α8-Null lungs display fusion of right medial a
(Cr), medial (Me), caudal (Cd), and accessory (A) lobes comprising the right lung. (F) Lungs f
indicates ﬁssure where intralobar division would normally be present. (G, H) Hematoxylin an
ﬂattened, elongated mesothelial cells along the lung periphery (arrows). (I, J) Immunostaini
in both wild-type (I) and α8-null (J) lungs.through the ﬁlter to the basal side were stained with DAPI, visualized
by ﬂuorescencemicroscopy, and counted.Wild-type andα8-null cells
were always tested in parallel.
Results
LPS inhibits integrin α8β1 expression
Wepreviously showed that LPS-induced inﬂammation disrupts the
normal distribution of ﬁbronectin in the fetal lung mesenchyme,
leading to an arrest in saccular airway branching (Benjamin et al.,
2007; Prince et al., 2005). As integrins α5β1, α8β1, and α9β1 are
expressed in the fetal lung and can bind ﬁbronectin (Coraux et al.,
1998; Schnapp et al., 1995b;Wang et al., 1995;Wuand Santoro, 1996),
we used real-time PCR to investigate the expression of these integrins
in fetalmouse lung explants exposed to LPS. Of the integrinswe tested,
only α8β1 expression was inhibited in a concentration dependent
manner. There were no signiﬁcant changes in expression of the
collagen receptor α2β1 or the laminin receptor α3β1 (Figs. 1A, B).
LPS also inhibited expression of the α8 subunit in a concentration-
dependent manner in primary fetal mouse lung mesenchymal cells
(Fig. 1C). Immunostaining of cultured lung explants conﬁrmedborn wild-type (A, C) and α8-null (B, D) lungs using antibodies against integrin α8 (A,
nd caudal lobes at E16. (E)Wild-type lungs with distinctly separate left lung (L), cranial
romα8-null fetus showing fusion of the right medial (Me) and caudal (Cd) lobes. Arrow
d eosin (H and E) stain of wild-type (G) andα8-null (H) lungs demonstrate presence of
ng for the mesothelial marker Wt-1 conﬁrms the presence of mesothelial cells (arrows)
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airways (Figs. 1D–K). Expression levels decreased between 24 and 48
h following LPS treatment (Figs. 1D–G).While LPS reducedα8 subunit
expression, we did not observe changes in the mesenchymal cell
markers NG2, α-SMA, or PDGFRβ (Figs. 1D-K). We also measured
reduced α8 subunit expression in the lungs of mice exposed in utero
to LPS (Figs. 1L, M). LPS inhibited α8 staining in cultured mesenchy-
mal cells and this decrease correlated with changes in the ﬁbronectin
staining pattern in the majority of cells examined (Figs. 1N–S).
Integrin α8β1 and ﬁbronectin colocalized to the mesenchyme
between newly formed saccular airways (arrows in Fig. 1T) and like
α8, ﬁbronectin expression was diminished in the mesenchymal clefts
between saccular airways in LPS-treated explants (Fig. 1U). Therefore,
integrin α8β1 appeared to be a speciﬁc target of LPS in the fetal lung
mesenchyme.
Abnormal lung development in integrin α8-null mice
As LPS decreased integrin α8β1 expression in the mesenchyme of
fetal lungs in addition to disrupting normal lung development, we
investigated the role of this integrin in normal lung development by
studying the α8-null mouse. The majority of newborn α8-null miceFig. 3. Abnormal airway morphogenesis in integrin α8-null mice. (A–C) Dilated airways in E
sectioned, and stained with H and E. Scale bar 100 μm. (C) Distal airway volume was increase
(⁎Pb0.05). (D–I) Reduced airway division and septal height in newbornα8-null mice. Lungs
(D, E) Low-power images show more cystic appearance of α8-null lungs with heterogene
measured by mean linear intercept (⁎Pb0.01, n=32). (G, H) Higher magniﬁcation images sh
bar 100 μm. (I) Newborn lungs from α8-null mice had shorter septa between airways com
Immunostaining of newborn wild-type (J, L) andα8-null (K, M) lungs using an antibody aga
Abnormal elastic ﬁbers in α8-null newborn mouse lungs. Newborn lungs from wild-type (N
stain to visualize elastic ﬁbers. Arrows indicate elastic ﬁbers, which appear more wavy andhave renal dysgenesis and die soon after birth (Haas et al., 2003;
Muller et al., 1997); however, when embryos were examined at E18
and postnatal day 0, mice were found in the expected percentages of
24% wild-type, 48% heterozygotes, and 28% homozygotes. There were
no differences in gross appearance, crown-rump length, or the
amount of amniotic ﬂuid between fetal and newborn wild-type and
α8-null pups (not shown).
We veriﬁed that the integrin α8 subunit was deleted in the α8-
null mice by immunohistochemistry. (Figs. 2A, B). As expected,
expression of the β1-integrin subunit was similar in wild-type and
α8-null lungs (Figs. 2C, D). When lung formation was examined at
E13, all ﬁve lobes (four right, one left) appeared to form normally
regardless of genotype. However, by E16 the lungs from α8-null
animals were grossly abnormal, with fusion of the medial and caudal
lobes of the right lung occurring in 37 of 41 E16 homozygotes (90%),
but never in wild-type or heterozygotes (Figs. 2E, F). This lobe fusion
was not due to the lack of mesothelium formation, as both wild-type
and α8-null lungs were lined with ﬂat, Wt-1-positive mesothelial
cells (Figs. 2G–J).
On histological examination, the airspaces of α8-null lungs at E18
and later also appeared abnormal, with more dilated saccular airways
that were irregular in size and shape. The dilated saccular airways in18 α8-null lungs. Lungs from E18 wild-type (A) and α8-null (B) littermates were ﬁxed,
d inα8-null lungs compared to wild-type littermates when measured by morphometry
fromwild-type andα8-null littermates were ﬁxed, sectioned, and stained with H and E.
ous airway size. Scale bar 500 μm. (F) Increased airway diameter in α8-null mice as
ow reduced septal height in α8-null lungs. Arrows indicate representative septa. Scale
pared to wild-type littermates (⁎Pb 0.001; n=24–32, N 1300 septa measured). (J–M)
inst α-smooth muscle actin (α-SMA; J, K) or ﬁbronectin (L, M). Scale bar, 100 μm. (N, O)
) and α8-null littermates (O) were ﬁxed, sectioned, and stained with a modiﬁed Hart's
irregular in α8-null lungs. Scale bar, 100 μm.
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compared to wild-type littermates (Figs. 3A–C). We did not observe
defects in bronchial airway formation in α8-null animals at earlier
stages of development (not shown). Newborn α8-null lungs also
displayed defective lung morphogenesis with irregular, dilated
airspaces adjacent to areas with small or collapsed airways (Figs.
3D, E). The mean linear intercept, which represents airspace size, was
increased in α8-null lungs (Fig. 3F). In addition, septa dividing newly
formed airspaces were shorter in α8-null newborn lungs (Figs. 2G–I).
We stained newborn lung sections for components of alveolar septa to
better characterize this defect. α-Smooth muscle actin, a marker for
myoﬁbroblasts and peribronchial smooth muscle, appeared similar in
wild-type and α8-null lungs (Figs. 3J, K). The ﬁbronectin immunos-
taining pattern was likewise similar in wild-type and α8-null
newborn lungs (Figs. 3L, M). However, elastin staining showed
abnormally wavy and short elastic ﬁbers inα8-null lungs compared to
controls (arrows, Figs. 3N, O). The total amount of elastin did not
appear different between wild-type and α8-null lungs. These results
demonstrate that expression of the mesenchymal integrin α8β1 in
the fetal lung is required for normal saccular airway morphogenesis.
We further tested the role of integrin α8β1 in saccular airway
morphogenesis using E16 saccular stage fetal lung explants, which
allows direct visualization of airway formation independent ofFig. 4. Increased saccular airway dilation inα8-null fetal lung explants. (A, E) Immunoﬂuore
SMA (red) in wild-type mesenchyme (A) but only α-SMA in α8-null explants (E). (B–D) Sac
culture. Arrows indicate newly forming explants. (F–H) Airways in α8-null explants become
J) Time-lapse still photomicrographs of wild-type and α8-null explants show progressive
experiment are included in Supplemental Data.extrapulmonary inﬂuences (Benjamin et al., 2007; Dieperink et al.,
2006; Prince et al., 2005; Prince et al., 2004). Absent integrin α8
subunit expression in α8-null mice was conﬁrmed by immunostain-
ing (Figs. 4A, E). After 72 h of culture, α8-null explants displayed
heterogeneous defects in saccular airway formation. α8-Null explants
had more dilated saccular airways with fewer divisions and less
elongation (Figs. 4F–H). To understand how these abnormal saccular
airways formed, we performed time-lapse imaging of wild-type and
α8-null explants. Both wild-type and α8-null explants appeared
similar at the beginning of the experiment, but some airways in α8-
null explants became very dilated, failing to divide and elongate into
new airway generations (Figs. 4I, J). Therefore absence of integrin
α8β1 in the fetal lungmesenchyme leads to increased saccular airway
dilation and defective airway division.
As saccular airway size and shape may be regulated by dynamic
interactions betweenmesenchyme and the subepithelial extracellular
matrix, we visualized the behavior of mesenchymal cells adjacent to
developing saccular airways. To randomly label mesenchymal cells in
wild-type and α8-null saccular stage explants with GFP, we initially
cultured explants for 24 h following isolation. This recovery period
allowed recovery and enclosure of the epithelial cells lining saccular
airways. Because epithelial cells were then covered by mesenchyme
and not in direct contact with culture media, we could add a low titerscent images of E16 explants show expression of the integrin α8 subunit (green) andα-
cular airways along the periphery of wild-type explants branch, elongate and divide in
dilated, with either no new branches (G) or small, rudimentary airway branches (H). (I,
dilation of airways along the periphery of α8-null explants. Time-lapse movies of this
413J.T. Benjamin et al. / Developmental Biology 335 (2009) 407–417of GFP-expressing adenovirus to label a random subset of mesen-
chymal cells along the explant periphery. Confocal images obtained
24 h following Ad-GFP infection conﬁrmed that GFP expressing cells
co-localized with antibodies against the mesenchymal marker
vimentin but did not colocalize with the epithelial marker E-cadherin
(Figs. 5A, B).
We then performed time-lapse ﬂuorescence microscopy to
monitor the movement of GFP-expressing cells in wild-type and
α8-null explants. Mesenchymal cells within wild-type explants
formed stable processes around newly formed saccular airways (Fig.
5C), however this was not the case in the α8-null explants, where
cells appeared to randomlymigrate throughout themesenchyme (Fig.
5D). Cell-tracking measurements of GFP-expressing cells demonstrat-
ed that α8-null cells migrated more quickly and randomly within the
developing explants (Figs. 5E, F). These data suggest that loss of
integrin α8β1 alters mesenchymal cell behavior during lung
development.Fig. 5. Increased mesenchymal cell migration inα8-null fetal lung explant tissue. E16 explant
(Ad-GFP) to randomly label mesenchymal cells. (A, B) Confocal imaging of Ad-GFP infected e
overlap with the epithelial marker E-cadherin (B). (C, D) Time-lapse ﬂuorescence microsc
individual wild-type (blue) and α8-null (pink) cells over time; yellow dashed lines mark d
expressing cells in wild-type and α8-null explants as measured by cell tracking (⁎ Pb 0.05
migration measured by dividing the total distance traveled by each cell by the net displaceIntegrin α8 subunit expression promotes focal contacts and stress ﬁber
formation
One possible explanation for the phenotype of the lungs inα8-null
mice is that mesenchymal cells lacking integrin α8β1 may be unable
to form normal cell–matrix interactions and maintain tension around
developing saccular airways. We therefore tested if cultured α8-null
fetal lung mesenchymal cells isolated from E16 mice could form focal
contacts and stress ﬁbers when adhering to ﬁbronectin. Wild-type
cells formed multiple talin-positive focal contacts, which aligned with
actin stress ﬁbers that extended across the cells (Figs. 6A–C);
however, the α8-null cells developed fewer focal contacts which
were aligned to short actin ﬁlaments that did not traverse the cell
body. The majority of actin staining in α8-null cells was perinuclear
compared to the transcellular stress ﬁbers seen in wild-type cells
(Figs. 6D–F). To verify that these changes in stress ﬁber formation
were due to the loss of integrin α8β1, we transfected primary fetals fromwild-type andα8-null littermates were infected with GFP expressing adenovirus
xplants showing GFP colocalization with the mesenchymal marker vimentin (A) but no
opy followed cells in wild-type (C) and α8-null (D) explants for 20 h. Arrows track
eveloping airways. Movies included in Supplemental Data. (E) Mean velocity of GFP-
, 423–852 cells within four different explants were tracked). (F) Randomness of cell
ment (distance between beginning and ﬁnal position; ⁎ Pb 0.05).
Fig. 6. Integrin α8 subunit expression is required for normal focal adhesion and stress
ﬁber formation in fetal lung mesenchymal cells. Wild-type (A–C) and α8-null (D–F)
fetal lung mesenchymal cells were cultured on ﬁbronectin-coated slides and
immunolabeled with antibodies against talin (A, D; green in C, F) and α-SMA (B, E;
red in C, F). (G–J) Transfection of fetal lung mesenchymal cells with integrin α8
increases actin stress ﬁber formation. Wild-type (G, H) and α8-null (I, J) fetal lung
mesenchymal cells plated onto ﬁbronectin were transfected with either pCDF-GFP
control vector (G, I) or pCDF-GFP-integrin α8 (H, J). Cells were ﬁxed and
immunostained with an antibody against α-SMA. Transfected cells were identiﬁed by
GFP expression, driven by a separate expression cassette in the pCDF vector. Nuclei
were labeled with DAPI.
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integrin α8 subunit cDNA cloned into a bicistronic vector that
expresses both integrin α8 and GFP. While α8-null cells expressing
GFP alone again appeared rounded with perinuclear actin (Fig. 6I),
cells transfected with the integrin α8 subunit developed organized
stress ﬁbers (Fig. 6J). These data suggested that integrin α8β1
promotes formation of focal contacts and transcellular stress ﬁbers in
fetal lung mesenchymal cells plated on ﬁbronectin.
To further test if loss of integrin α8β1 leads to increased
mesenchymal cell migration, we measured random migration of
fetal lung mesenchymal cells by performing both live-cell microscopy
and haptotactic migration assays in Boyden chambers. As seen in Fig.
7, wild-type cells adhered strongly to ﬁbronectin, with stable cell
processes and few areas of membrane rufﬂing (Fig. 7A); however,α8-
null cells had large areas of membrane rufﬂing and turnover, leading
to increased cell movement (Fig. 7B). Kymographs show the relative
stability of wild-type cells on ﬁbronectin compared to the dramatic
membrane dynamics in α8-null cells (Fig. 7C; full time-lapse moviesof wild-type and α8-null cells are included in Supplemental Data).
Boyden chamber experiments conﬁrmed these differences in migra-
tion, with more α8-null cells migrating through ﬁbronectin-coated
pores than wild-type cells (Fig. 7D). Migration through collagen-
coated pores was not signiﬁcantly different between wild-type and
α8-null cells. Thus, consistent with our data in cultured explants, loss
of integrin α8β1 leads to abnormal cell migration.
How might loss of integrin α8β1 lead to lobe fusion? One
possibility is that the inherent properties of increased migration of
α8-null mesenchymal cells lead to fusion of adjacent lung lobes. To
investigate this, we cultured the cranial and accessory lobes from E15
wild-type and α8-null littermates, which are not positioned in close
proximity in vivo, on nylon ﬁlters for 48 h (Figs. 7E–H). Following this
culture period, the wild-type lobes remained separate with no signs of
attachment and ﬂoated free of each other during ﬁxation and
phalloidin staining (Figs. 7E, F). In contrast, the α8-null lobes grew
together, forming multiple cellular bridges between adjacent lobes
that remained intact during processing (Figs. 7G, H). These data
suggest that the defects in cell–matrix interactions and cell migration
of α8-null mesenchymal cells promote lung lobe fusion.
Discussion
In preterm infants with BPD, inﬂammation contributes to arrested
fetal lung development by disrupting the epithelial-mesenchymal
interactions required for normal airway branching (Benjamin et al.,
2007; Kramer et al., 2008; Prince et al., 2005). In this study we show
that E. coli LPS, which prevents saccular airway branching, inhibits
expression of the ﬁbronectin receptor integrin α8β1 in lung
mesenchymal cells. We further demonstrate that α8-null mice have
fusion of their medial and caudal lobes, dilation of saccular airways,
shortened alveolar septa, and disorganized elastic ﬁbers. As many of
these features overlap with those found in BPD (Coalson, 2003), we
speculate that reduced expression of integrin α8β1 following
exposure to inﬂammation may play a role in BPD pathogenesis.
The wavy, irregular elastic ﬁbers in α8-null lungs suggest that
integrin α8β1 is required for establishing and maintaining mechan-
ical tension around saccular airways and developing alveoli. Similar
cellular defects were observed in α8-null kidneys, where mechanical
stability of the renal glomerular capillaries is abnormal in α8-null
mice that survive to adulthood (Hartner et al., 2002). Induction of
hypertension in these mice leads to increased mesangial expansion
and glomerular destruction. These ﬁndings are consistent with our
results implicating integrin α8 in regulating mechanical tension
around developing saccular airways. In addition, the defects in α8-
null airway division imply that integrinα8β1 facilitates the division of
expanding airways into new branches. Our data do not completely
exclude other processes that could affect saccular airway develop-
ment, including changes in ﬂuid transport and cell signaling.
However, the mesenchymal expression of α8β1 and its role in
binding extracellular matrix and mesenchymal cell membrane
dynamics support the role of integrin α8β1 in regulating morpho-
genesis through cell–matrix interactions. α8-Null mesenchymal cells
formed fewer focal contacts without transcellular actin stress ﬁbers
and were more mobile, with increased membrane rufﬂing and
turnover both in vivo and in vitro. These observations suggest that
integrin α8β1 regulates mesenchymal cell membrane dynamics
during fetal lung morphogenesis.
Fusion of α8-null lung lobes both in vivo and in vitro is a
consequence of mesenchymal and mesothelial cell abnormalities. α8-
Null lungs do have a mesothelial layer (Fig. 2), but loss of integrin
α8β1 may cause abnormal mesothelial cell function, potentially
leading to both defective saccular airway branching and lung lobe
fusion. Only the cranial and medial lobes fused in vivo, likely due to
the intimate approximation of these two lobes during development.
Defects in lobe formation have been reported for mice with defects in
Fig. 7. Increased migration of α8-null fetal lung mesenchymal cells leading to lung lobe fusion. (A, B) Wild-type and α8-null fetal lung mesenchymal cells were plated onto
ﬁbronectin and imaged by time-lapse phase contrast microscopy. Images were taken each minute for 1 h. Arrows indicate areas of membrane rufﬂing. Movies from three different
cells are included as Supplemental Data. (C) Kymographs of wild-type and α8-null mesenchymal cells. Lines were drawn across individual cells and the phase-contrast intensities
were plotted over 60 min. Upward and downward deﬂections indicate movement of the cell membranes. Kymographs from 10 different cells are shown for each genotype. (D)
Increased haptotactic migration by α8-null mesenchymal cells. Wild-type and α8-null cells were placed in ﬁbronectin-coated or collagen-coated Boyden chambers. For each
replicate, the number of α8-null cells migrating through the ﬁlter was normalized to wild-type (⁎Pb 0.05, n=8). (E–H) Fusion of α8-null lung lobes in vitro. The cranial and
accessory lobes from wild-type (E, F) and α8-null (G, H) E16 mice were cultured for 48 h, ﬁxed, and stained with Alexa547-conjugated phalloidin and DAPI. Low magniﬁcation
ﬂuorescence images are shown in (E, G). Higher magniﬁcation images (F, H) revealed intact cell layers surrounding the wild-type lobes but cellular bridges and fusion between the
α8-null lobes.
415J.T. Benjamin et al. / Developmental Biology 335 (2009) 407–417Gli2 (Motoyama et al., 1998), Gata4 (Ackerman et al., 2007), foxf1
(Lim et al., 2002), fog2 (Ackerman et al., 2005), lamininα5 (Nguyen et
al., 2002), the integrin subunits α3 andα6 (De Arcangelis et al., 1999)
and in Hip overexpressing animals (an inhibitor of Shh signaling;
Chuang et al., 2003). Unlike α8-null animals, these mutant mice have
either global defects in lung formation (Hip, Gli2, foxf1), complete
agenesis of single lobes (Gata4, fog2) or disrupted pleural basementmembrane formation (laminin α5, integrin α3/α6). Thus α8-null
mice display a novel defect in lung development where distinct lobes
fuse together after they have formed.
Defects in kidney function that reduce normal amniotic ﬂuid
production could potentially cause secondary affects on lung growth
as part of the Potter sequence (Nakamura et al., 1985; Perlman et al.,
1976).While integrinα8β1 is required for normal renal development,
416 J.T. Benjamin et al. / Developmental Biology 335 (2009) 407–417we did not observe reduced amniotic ﬂuid or gross abnormalities in
α8-null mice. In addition, saccular airway development was abnormal
in α8-null lung explants cultured ex vivo, removed from potential
effects of amniotic ﬂuid production. We believe the data therefore
point to primary abnormalities in α8-null lungs.
Integrin α8β1 can bind multiple ligands, and this study does not
determine if interactions between α8β1 and a speciﬁc, individual
matrix protein ligand mediate normal lung development. In the
developing kidney, interactions between integrin α8β1 and nephro-
nectin regulate GDNF signaling (Linton et al., 2007). We have not yet
determined if a similar process occurs in the developing mouse lung.
While both ﬁbronectin and tenascin-C bind integrin α8β1 and play a
role in lung development, ﬁbronectin's role in branching morpho-
genesis is better described (Prince et al., 2005; Sakai et al., 2003;
Young et al., 1994). Fibronectin localizes to the clefts between
epithelial tubes in the branching lung, submandibular gland, and
kidney. During cleft formation, ﬁbronectin interferes with intercellu-
lar E-cadherin, producing instability of epithelial monolayers and
allowing invagination of epithelial-lined structures (Sakai et al.,
2003). In lung explants treated with LPS, displacement of ﬁbronectin
from these clefts may prevent normal airway branching and division
(Prince et al., 2005). We speculate that decreased integrin α8β1
expression leads to abnormal ﬁbronectin localization in mouse lungs
following LPS exposure, and may contribute to the arrested lung
development in BPD.
Inﬂammation-mediated arrest in lung development may be an
early step in BPD pathogenesis. While the association between
inﬂammation and BPD is clear (Speer, 2003; Willet et al., 2001;
Young et al., 2005), the molecular mechanisms explaining how lung
development is arrested have not been identiﬁed. Inﬂammation may
disrupt lung formation by altering growth factor expression and
epithelial differentiation (Benjamin et al., 2007; Kramer et al., 2008;
Prince et al., 2004), each potentially contributing to BPD. In addition,
multiple studies have implicated abnormal matrix synthesis, turn-
over, or localization in BPD pathogenesis (Alejandre-Alcazar et al.,
2007; Bland et al., 2007; Sinkin et al., 1998; Thibeault et al., 2003). The
data presented here show that integrin α8β1 is critical for normal
lung development and is inhibited by inﬂammation. Features of the
α8-null lung phenotype, including dilated saccular airways and
shortened alveolar septa, overlap with BPD pathology. Our ﬁndings
establish a new molecular mechanism that explains how integrin–
matrix interactions regulate lung morphogenesis and suggest that
defects in these interactions could contribute to diseases of abnormal
lung development.
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